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Abstract: 
We unravel the origin of current-induced magnetic switching of insulating 
antiferromagnet/heavy metal systems. We utilize concurrent transport and magneto-optical 
measurements to image the switching of antiferromagnetic domains in specially engineered 
devices of NiO/Pt bilayers. Different electrical pulsing and device geometries reveal different 
final states of the switching with respect to the current direction. We can explain these 
through simulations of the temperature induced strain and we identify the 
thermomagnetoelastic switching mechanism combined with thermal excitations as the origin, 
in which the final state is defined by the strain distributions and heat is required to switch the 
antiferromagnetic domains. We show that such a potentially very versatile non-contact 
mechanism can explain the previously reported contradicting observations of the switching 
final state, which were attributed to spin-orbit torque mechanisms. 
Introduction: 
Spintronic devices to date rely heavily on ferromagnets (FM) as active elements to store and 
manipulate information. Antiferromagnets (AFMs) are prime candidates to replace FMs as 
active elements in future spintronic devices since they potentially offer a higher bit packing 
density, resulting from the absence of magnetic stray fields, stronger resilience to external 
fields1 and ultrafast switching speeds2. In particular, the investigation of insulating AFMs has 
recently sparked interest, because their low magnetic damping enables the transport of spin 
currents over long distances3, potentially serving as a basis for low power devices. However, 
the absence of a net magnetic moment makes AFMs more difficult to manipulate compared 
to FMs. 
In view of applications, it is of paramount importance to be able to perform the read-out and 
write operations fast and efficiently and to understand the underlying switching mechanism. 
In collinear antiferromagnets, magnetic information can be stored in the orientation of the 
Néel vector n. In AFM/heavy metal (HM) bilayers the orientation of the Néel order can be 
read electrically via the spin Hall magnetoresistance (SMR)4,5. However, some reports 
interpreted the electrically detected SMR signals after current pulses as mere results of 
electrical heating and electromigration of the platinum wire6,7 or a combination with resistive 
switching and torques due to thermomagnetoelastic effects8. Imaging of the magnetic 
domains, however, allows to unambiguously determine the presence of magnetic 
switching9,10. 
In the metallic antiferromagnets CuMnAs11 and Mn2Au12 magnetic switching, due to current 
pulses inducing spin torques, relies on the special crystal symmetries of these materials, 
leading to current-induced staggered bulk Néel spin orbit torques. In insulating AFMs the 
underlying switching mechanism is highly debated. So far, different final states of the Néel 
vector n with respect to the current direction j have been reported in different collinear AFMs 
(n ∥ j) for NiO9, (n ⊥ j) for CoO13 and for different device and pulsing geometries in NiO (n ∥ 
j9,14 and n ⊥ j15), so that different switching mechanisms have been put forward as the origin. 
Most authors proposed mechanisms related to antidamping-like spin orbit torques (SOT) to 
explain the observed electrical switching in insulating AFM/HM bilayers: the torques were 
considered acting on the uncompensated moments focusing on one sublattice15, as well as 
SOTs related to both sublattices14 or acting on the domain walls9.  
To understand the origin of these different reports, primarily based on electrical readout, one 
needs to directly image the magnetic switching. NiO is an ideal material system to investigate 
the switching mechanism of insulating AFMs. Due to its high Néel temperature of 523 K in the 
bulk16, its insulating collinear antiferromagnetic phase and the strong magnetoelastic 
coupling17 that allows one to image the AFM domain structure with Kerr microscopy10,18. This 
lab-based imaging approach can be combined with concurrent electrical readout to reliably 
identify a magnetic switching of NiO/Pt bilayers10. 
Additionally, the samples need to allow one to be able to disentangle the effects of SOTs, 
directly generated by the current, and the thermomagnetoelastic torques, generated by the 
current-induced temperature gradients. This can be achieved by engineering the device 
geometry, e.g. one can generate temperature gradients in regions where no current is 
flowing. This is necessary due to the similar linear functional dependency of the effective 
fields from SOTs and thermomagnetoelastic effects on the current density j13, while other 
heat induced torques depend quadratically on j8,9,19. 
In electrical writing schemes to date, high current densities are used to switch the AFM, 
resulting in electromigration and irreversible device degradation7, which is impractical for 
device applications. Thus, it is of paramount importance to understand the underlying 
switching mechanism to engineer reliable, fast and efficient writing schemes for insulating 
AFMs. 
Here, by combining electrical measurements, table-top direct imaging of the magnetic 
domains and simulations of the thermally induced strain in specially engineered device 
geometries, we find that the final state of the switching does not solely depend on the 
direction of j, but rather on the device geometry. We show that the switching is enabled by a 
combination of strain and heat, while the current flow through the device is not necessary to 
induce the switching. We explain these findings by a thermomagnetoelastic switching 
mechanism of the Néel order in NiO/Pt thin films. Finally, we discuss how this mechanism can 
explain the different switching final states previously reported for the NiO/Pt system, based 
on the different geometries used.  
 
Results: 
Effect of the device geometry. To investigate the contribution of current-induced SOTs, heat 
and thermomagnetoelastic effects, we first consider the AFM switching in different device 
geometries. Note that, according to the SOT mechanism, the final state of the switching 
depends only on the direction of the current j, while in the case of the thermomagnetoelastic 
switching the final state is determined by the distribution and orientation of the temperature 
gradients8,13. To disentangle the two mechanisms, we employ two devices, patterned with 
different orientation on the same sample, aiming to obtain orthogonal strain while using the 
same direction of the pulse current density jpulse in the center of the device. The devices are 8 
terminal star-shaped devices that have four 10 µm wide arms and four 2 µm wide arms, as 
depicted in Fig 1 (a,b). In the first device, the wide arms are aligned parallel (0°) to the easy 
axis, along [11̅0] and [110] (Fig. 1a,c,e). In the second device, the wide arms are along [100] 
and [010], at an angle of 45° to the easy axis (Fig. 1b,d,f). We simulate the current-induced 
heat and resulting strain for different pulse configurations in our geometries using 
COMSOL20. For the [110] star device, we simulate a straight current pulse (1.35x1012 A/m2, 
0.1 ms) along the [11̅0] direction (white arrow in Fig. 1c). To effectively achieve the same 
direction of j in the center of the [100] star device, we use an X-shaped current pulse 
(1.95x1012 A/m2, 0.1 ms) through four arms (white arrows in Fig. 1d). We plot the difference 
between the strain along the two easy axes 𝜀[11̅0] − 𝜀[110]at the surface of the NiO layer. Thus, 
a positive strain difference (red) corresponds to a stronger expansion of the NiO along [11̅0] 
in contrast to [110], while a negative strain difference (blue) indicates orthogonal strain. One 
can see from the simulations that, even if the orientation of j with respect to the 
crystallographic axis in the center of the cross is the same in the two devices (along [11̅0]), 
the strain difference induced by the current pulses is opposite in the center of the devices. 
We have performed this experiment in the lab, imaging the initial domain states for both 
devices shown in Fig. 1a,b and the current-induced switched states after pulsing in Fig. 1e,f. 
For both devices we find reproducible switching, i.e. a subsequent pulse in a direction rotated 
by 90 degrees switches the AFM order back to the initial state. First, we note that we observe 
two different final states at the center of the devices depending on the strain direction and 
not on the direction of j. This is consistent with a thermomagnetoelastic mechanism that leads 
to opposite final states based on the strain. Second, one can see in Fig. 1f, that a single X-
shaped current pulse switches the AFM domains in the arms of the cross in opposite 
directions with respect to the center, regardless of the direction of j in the arms. This can only 
be explained by differences in strain between the center and the region in the arms and not 
by a SOT dominated mechanism, which would instead induce switching towards a final state 
depending on the direction of j.  
We can use the circular shape of the strain profile in the center of the device in Fig. 1d as the 
basis for simulations of the strain-induced magnetic switching and reproduce the observed 
switching through simulations (See supplementary S.1), showing that the observed switching 
can indeed originate from the differences in the strain profile. 
Combining our results shows that the final state in our NiO/Pt samples is determined by the 
thermally induced strain. 
  
Fig. 1: Comparison of the switching between different device geometries. Initial domain 
structure in the [110] star device (a) and [100] star device (b). Simulations of the current 
induced strain 𝜀 differences between the easy axes (𝜀[11̅0] − 𝜀[110]) for a straight pulse 
along [11̅0] in the [110] star device (c) and for X-shaped pulses along [11̅0] in the [100] star 
device (d). Domain structure in the [110] star device (e) and [100] star device (f) after 
applying pulses in the directions indicated in (c) and (d). 
 
 
 
 
Role of temperature. Next, we investigate whether strain alone is sufficient to switch the 
orientation of the Néel order and the role that current and temperature play. We consider a 
[100] star device and use only two arms to send a current pulse (0.925x1012 A/m2, 0.1 ms) at 
a right angle across our device, as it is depicted in Fig. 2a (white arrow). From our simulation 
of the induced strains (Fig. 2a), we would expect to observe switching in the area of the 
current pulse and an opposite switching final state on the other side of the device. However, 
if we compare the imaged initial state in Fig. 2b with the final state in Fig. 2d we can only 
detect a switching in the wide arms, where the current flows and thus the temperature is 
increased due to the higher current density (see Fig. 2c). The simulated strain on the opposite 
side of the device is of similar magnitude as in the switched region (see Fig. 2a), however, no 
switching is observed. We conclude that, in this case, strain alone is not sufficient to reorient 
the Néel vector, and that an additional contribution by the current flow is needed either 
generating SOTs or heat. However, we cannot disentangle purely temperature related effects 
from other possible influences of the current pulse (such as SOTs) from this device geometry, 
due to their similar spatial distribution. 
To make this distinction, we designed a cross-shaped device with a central dot, that is 
electrically insulated from the arms where the current flows (Fig. 3). The dot is subject to high 
heat and strain contributions, but it is not influenced by current-induced SOTs. The insulating 
gap from the current carrying electrodes is 2 µm and thus no current can flow through the 
NiO/Pt dot. The NiO layer below the inner circle is still affected by the electrically-induced 
temperature and thermomagnetoelastic strain changes, as shown by simulations of this 
device for a current pulse with a current density of 1.7 x1012 A/m2 and 0.1 ms long along the 
[11̅0] direction, as depicted in Fig. 3a,c. The temperature and strain changes at the center are 
of similar magnitude as in the previous devices.  
 Fig. 2: Switching of a star-shaped device with a right angle pulse. Simulations of the current-
induced strain differences between the easy axes (𝜀[11̅0] − 𝜀[110]) for an edge pulse along 
[11̅0] in the [100] star device (a) and the corresponding heat profile (c). The domain 
structure was imaged before (b) and after the pulse application (d). 
 
First, we image the initial domains depicted in Fig. 3b and then pulse with a current density 
of 1.7 x1012 A/m2. This pulse is sufficient to fully switch the device including the NiO in the 
region below the center dot, as can be seen in Fig. 3d. Secondly, we probe the reversibility of 
the switching by pulsing along the [110] direction. This change in pulsing direction results in 
a strain difference opposite to the first pulse (see Supplementary Fig. S.2). Therefore, the 
domains, as shown in Fig. 3f, are switched back to their initial state. We can observe a 
homogeneous switching at the center of our device, including the electrically insulated dot in 
the center of the cross, which indicates clearly that the current itself is not necessary to 
achieve switching. Moreover, in the case of a current-assisted switching mechanism, we 
would expect an inhomogeneous switching pattern around the etched ring due to the 
inhomogeneous current distribution shown in Fig. 3e, that we do not see here. Therefore, we 
conclude that the observed switching is enabled by the combination of heating and strain, 
where strain breaks the degeneracy and defines the final state, while heating is necessary to 
assist the switching and overcome for instance the anisotropy barrier. 
 
Fig. 3: Switching of a device with an electrically isolated area. (a) Simulations of the current-
induced strain differences between the easy axis (𝜀[11̅0] − 𝜀[110]) for a straight pulse along 
[11̅0] in the cross shaped device with an inner Pt circle. The corresponding temperature 
and current profiles are depicted in (c) and (e). The domain structure of the device was 
imaged before the pulse application along [11̅0] (b) and after (d). Domain structure after a 
second pulse along [110] (f). 
Electrical readout of the switching. In addition to imaging, we conducted SMR measurements 
to read out the orientation of the Néel vector in the different star-shape device pulsing 
geometries (see Methods). Our results are consistent with the imaging and explain why, in 
the existing literature, different switching mechanisms were proposed based on electrical 
SMR measurements. We apply the pulses in the wide arms (10 µm) and read out the 
transverse resistance in the arms along the [010] direction, the contact scheme is depicted in 
Fig. 4a. Since the direction of the induced strain at the center of star-shaped devices is 
comparable to cross-shaped devices (see Supplementary S.3), we can compare the different 
switching behaviors to previous reports on crosses. To single-out the resistance changes of 
magnetic origin from the total resistance variation featuring also contributions of non-
magnetic effects, we used the subtraction procedure described in Ref.10. We use series of 5 
pulses each, first along the [110] direction and then along the [11̅0] direction. In the case of 
straight pulses in a [110] cross geometry (Fig. 4b, in orange) the transverse resistance (along 
[010]) increases after pulsing along [110] and decreases after pulses along [11̅0]. This 
indicates a final state of the Néel vector parallel to the current direction (j ∥ n), consistent 
with the report by Chen et al. for NiO/Pt grown on STO14. The same switching behavior can 
be observed, with lower magnitude, for the switching with right angle pulses in [100] crosses 
(Fig. 4b, in purple), as we previously reported in NiO/Pt Hall cross devices grown on MgO9. 
Moreover, as expected from the data shown in Fig. 1, we observe compared to the straight 
pulse (Fig. 4a,b in orange) an opposite final state of the switching for X shaped pulses (Fig. 
4a,b in blue), where the resistance decreases after applying pulses along the [110] direction 
and increases after applying pulses along [11̅0] direction. This data indicates a final state (j ⊥ 
n), in line with the report of Moriyama et al. for Pt/NiO/Pt trilayers15. We note that different 
orientations of the final states with respect to the current direction in different devices have 
led to the proposal of several different mechanisms in literature, which is necessary if one 
assumes that a SOT-based mechanism dominates. By taking into account a 
thermomagnetoelastic switching mechanism, we can now reconcile these previous findings. 
 
 
Fig. 4: Comparison of electrical measurements in different device and pulsing 
configurations. (a) Device geometries and measurement scheme with respect to the 
crystallographic axis. The arrows indicate the current pulse directions with light and dark 
color for effective [110] and [11̅0] pulses, respectively. (b) Corresponding electrical 
measurements for alternating pulse directions after subtraction of a nonmagnetic 
component. The magnetic origin of the shown electrical signal is confirmed by concurrent 
optical imaging of the domain switching. 
 
 
 
 
Discussion:  
Based on four different device and pulsing geometries, we identify the thermomagnetoelastic 
mechanism in combination with thermal excitations to be responsible for the observed 
current-induced switching in our NiO/Pt bilayers and show how previously observed 
contradicting reports on the final switching state of NiO/Pt can be unified by considering a 
thermomagnetoelastic switching mechanism and different geometries. 
With these robust findings, we suggest that the thermomagnetoelastic switching mechanism 
is not solely limited to NiO thin films and can lead to switching in other materials and systems, 
especially where the switching of thick layers was observed. There is furthermore evidence 
that the thermomagnetoelastic mechanism can dominate over SOTs also in other AFMs with 
large magnetoelastic coupling such as Hematite8 and CoO13 and might also contribute to some 
recent data obtained in ferrimagnetic insulators21. As a key point, we find that additionally 
the heating of the AFM is an essential component to enable the thermomagnetoelastic AFM 
switching and thus not only the strain but also the temperature profile has to be considered. 
In addition, we note that the final state of the observed switching in NiO/Pt with straight 
pulses (n ∥ j) is opposite to the recently reported switching in CoO/Pt (n ⊥ j)13. These 
differences between materials can be traced back to an opposite sign of the magnetoelastic 
coupling, resulting in different preferred orientations of the Néel vector13. Future 
investigations on current-induced switching of the Néel vector have to take these findings 
into account in order to differentiate between switching due to SOTs or 
thermomagnetoelastic effects in heated areas. While multiple mechanism can coexist, SOT 
based switching might dominate in thinner layers or materials with lower magnetostriction. 
Our data sheds light on the switching observed in insulating AFMs and which mechanism is 
responsible for the switching observed in these materials, being important not only to 
understand the phenomena, but also in view of possible applications. 
Here, we identified that strain alone is not sufficient to switch our AFM thin film, but heat is 
additionally required. Since both, strain and heat can be generated in a non-contact manner, 
this switching mechanism potentially enables a new class of non-contact writing schemes in 
which high current densities flowing through the device leading to device degradation due to 
electromigration are absent. For instance, one can apply global strain externally, e.g. by strain 
gauges or piezoelectric materials, and then use ultra-fast concurrent local heating by a 
focused laser beam to rapidly switch AFM elements. Such an approach drastically simplifies 
the patterning process and increases the surface of the device available for information 
storage. In combination with non-contact read outs by the magnetooptical Kerr effect or 
coupled ferromagnetic layers, electrical contacts and adjacent HM layers are no longer 
required to read and write the insulating AFM domains. Such non-contact geometries can 
increase the efficiency and reliability of a device, since losses due to resistance and 
subsequent heating in unwanted areas are avoided. Overall, the discovery of a thermally 
assisted thermomagnetoelastic switching mechanism establishes an alternative, possibly 
non-contact writing scheme for insulating AFMs which can pave the way for alternative 
functionalization of this class of materials. 
 
 
 
 
 
 
Methods section:  
Samples and Devices. The NiO(001)(10nm)/Pt(2nm) bilayers that are presented here were 
grown epitaxially on MgO(100) substrates by reactive sputtering from a Ni target at high 
temperature and DC sputtering of the Pt layer at room temperature. The growth parameters 
are reported elsewhere (in Ref.10). The antiferromagnetic ordering of the NiO was verified by 
x-ray magnetic linear dichroism (XMLD) and the absence of x-ray magnetic circular dichroism 
(XMCD). Due to the lattice mismatch between NiO (4.18 Å) and MgO (4.21 Å) the samples 
were grown under tensile strain. Electron beam lithography and subsequent ion beam etching 
of the Pt layer were used to fabricate the different devices. 
Writing the AFM state. For the writing of the AFM state we used the same technique 
described in Ref.10, employing a Keithley 6221. We applied a single 0.1 ms long electrical pulse 
to switch the different devices. Depending on the device and pulsing geometry the resistances 
of our devices varied, and we chose different current densities to observe a reversible 
switching of large domains at the center of the device. Reversible switching was achieved in 
all cases by rotating the effective current direction of the pulse geometry by 90 degrees.  
Imaging and reading out the AFM state. We employ a magneto-optical imaging technique of 
the antiferromagnetic domains, based on a commercial Kerr microscope, as described in 
Ref.10,18,22. We image the AFM domains before and after switching in different devices with 
different pulsing geometries. The imaging and electrical measurements have been performed 
with the same setup and configuration described in Ref.10 using a Keithley 2400 as a source 
of the measurement current and a Keithley 2182A nanovoltmeter for the read-out. The 
routing between the different reading and pulsing configurations is done electronically by a 
matrix switch. 
Simulations. We utilize (3D) finite element modeling in COMSOL Multiphysics to study the 
current-induced heating and subsequent strain contributions in our different device and 
pulsing geometries. We apply 0.1 ms pulses with varying current densities across the platinum 
layers. The device and substrate dimensions correspond to the real experimental 
environment, the contact pads are simplified to reduce computational efforts. We modeled 
the end of the current pulse with a step function and displayed here the strain and heat 
distributions at the surface of the NiO layer after 0.1 ms. More details on the parameters used 
can be found in the supplementary. 
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